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AbstractTritiumisashort-livedradioactiveisotope(T1/2=12.33yr)producednat-
urally in theatmospherebycosmicradiationbutalsoreleased into theatmosphere
andhydrospherebynuclearactivities(nuclearpowerstations,radioactivewastedis-
posal).Tritiumofnaturaloranthropogenicoriginmayendupinsoilsthroughtriti-
atedrain,andmayeventuallyappearingroundwater.Tritiumingroundwatercanbe
re-emittedtotheatmospherethroughthevadosezone.Thetritiumconcentrationin
soilvariessharplyclose to thegroundsurfaceand isverysensitive tomany inter-
relatedfactorslikerainfallamount,evapotranspirationrate,rootingdepthandwater
tableposition,renderingthemodelingarathercomplextask.Amongmanyexist-ing
codes, SOLVEG is a one-dimensional numerical model to simulate multiphase
transport through theunsaturatedzone.Processes include tritiumdiffusion inboth,
gas and liquid phase, advection and dispersion for tritium in liquid phase,
radioactivedecayandequilibriumpartitioningbetweenliquidandgasphase.Forits
applicationwithbareorvegetated(perennialvegetationorcrops)soilsurfacesand
shallowordeepgroundwaterlevels(contaminatedornon-contaminatedaquifer)the
modelhasbeenadaptedinordertoincludegroundcover,rootgrowthandrootwater
uptake.Thecurrentworkdescribes theapproachand resultsof themodelingofa
tracer testwith tritiatedwater (7.3× 108 Bqm−3) in a cultivated soil with an
underlying14m
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deep unsaturated zone (non-contaminated). According to the simulation results, the
soil’s natural attenuation process is governed by evapotranspiration and tritium re-
emission. The latter process is due to a tritium concentration gradient between soil
air and an atmospheric boundary layer at the soil surface. Re-emission generally oc-
curs during night time, since at day time it is coupled with the evaporation process.
Evapotranspiration and re-emission removed considerable quantities of tritium and
limited penetration of surface-applied tritiated water in the vadose zone to no more
than ∼1–2 m. After a period of 15 months tritium background concentration in soil
was attained.
Keywords Re-emission · Effective diffusion · Natural attenuation · Unsaturated
zone · Tritium · Multiphase transport
1 Introduction
Tritium (3H, half-life 12.33 yr), being chemically identical to hydrogen and thus in-
teracting directly with water and organic substances, differs considerably in its be-
havior with respect to other radionuclides in the environment (Raskob 1995). Triti-
ated water can easily diffuse in free water and move unretarded with it, either in the
liquid (HTOl) or in the vapor phase (HTOg) (Fig. 1). In a soil covered with veg-
etation, an important sink of the HTOl stored in soil is the root water uptake, and
subsequent loss of tritium by vapor exchange with the atmosphere through stom-
ata (Kline and Stewart 1974). Consequently, plants play an important role in the
detection and mapping of subsurface HTOl (Richard and Kirby 1987; Kalisz et al.
1988; Richard and Price 1989) and HTOg contamination (Andraski et al. 2005;
Garcia et al. 2009).
Primary tritium migration integrates all the processes that jointly affect liquid
water and vapor ﬂow in the vadose zone (Phillips 1994). Thus, the tracer be-
havior represents a very robust indicator of water movement in soil. In arid re-
gions, it has been suggested that solute diffusion in aqueous phase and in aque-
ous plus gas phase, when volatile (e.g. tritium), may be the principal mode of
solute transport in the unsaturated zone (Barnes et al. 1994; Joshi et al. 1997;
Scanlon 1992).
Modeling the alternate upward and downward transport of tritium in shallow un-
saturated zone generally requires rather complex models and detailed input as con-
centration varies sharply and is very sensitive to many interrelated factors including
rainfall amount, evapotranspiration rate, root depth or water table position. Besides,
tritium presents a broad range of issues making modeling a complex task, among
them vapor diffusion or thermally driven transport. Many numerical models, gen-
erally developed by atomic energy agencies to predict tritium migration throughout
the unsaturated zone, exist. Such models, which have been compared by Barry et al.
(1999) and Belot et al. (2005), are commonly used to predict the effect of tritiated rain
or the re-emission of tritium from polluted groundwater to the atmosphere (Täschner
et al. 1995). Some of them have been applied as well to calculate the absorbed mass
by plants and food (organically bound tritium, OBT) (BIOMOVS II 1996). Com-
mon numerical models in hydrological studies, such as MACRO (Larsbo and Jarvis
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Fig. 1 Conceptual scheme for tritiated and non-tritiated water behavior in liquid and gas phase within an
unsaturated porous media
2003) or TOUGH2 (Pruess et al. 1999), have also been used to simulate tritium trans-
port through the vadose zone, but to a lesser extent. Many of these models work
under monophasic and isothermal conditions or hardly consider the role played by
plants.
The objective of this research was to quantify the upward and downward trans-
port of tritium in a shallow unsaturated zone, as well as the natural soil attenua-
tion process. A numerical modeling approach to simulate multiphase transport of
tritium in unsaturated porous media is described. To evaluate the model perfor-
mance, a ﬁeld test with a tritiated water application on a vegetated soil surface has
been carried out. For the modeling approach, SOLVEG (Yamazawa and Nagai 1997;
Yamazawa 2001), a one-dimensional numerical model that simulates multiphase tri-
tium transport through bare soil, was utilized after being modiﬁed for its use on veg-
etated soils.
2 Modeling Approach Description
The modeling approach is based on SOLVEG (Yamazawa and Nagai 1997; Ya-
mazawa 2001), one-dimensional ﬁnite-difference model originally designed for bare
soil, which solves the transport of heat, liquid water and vapor, tritiated liquid water
(HTOl) and vapor (HTOg), and the soil-atmosphere exchange. In SOLVEG, advec-
tion and diffusion terms are resolved with an explicit and semi-implicit scheme, re-
spectively. To adapt the code to the experimental conditions, it was modiﬁed in order
to include ground cover, root growth and root water uptake processes. Radioactive
decay was implemented also.
Although isotopically different, the HTOl and H2O molecules present similar
behavior, therefore fractionation of hydrogen isotopes in water during root wa-
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ter uptake can be assumed negligible, although exceptions exist for some plant
species (Ellsworth and Williams 2007). On the contrary, differences exist between
re-emission and evaporation processes. Re-emission is a mechanism that generally
acts during night-time and is depending on the HTOl content in the uppermost soil
proﬁle and the concentration of HTOg in a boundary layer of atmospheric air adja-
cent to the soil surface. Tritium migration is thus driven by a concentration gradient
across the soil/atmosphere interface. During day-time, the re-emission is coupled to
the soil evaporation process (Täschner et al. 1997).
2.1 Water Transport: Liquid Flow and Vapor
The SOLVEG model simulates the water content θ (L3 L−3) and the speciﬁc humid-
ity of soil air Wa (MM−1) along a soil proﬁle. The equation for the water movement
in the liquid phase is the classical Richards’ type with additional sink/source terms
including transpiration Et (ML−3 T−1) (via root water uptake) and evaporation-
condensation Ee (ML−3 T−1)
∂θ
∂t
= − 1
ρw
[
∂q
∂z
+ (Ee + Et)
]
(1)
where q is the vertical liquid water ﬂux (ML−2 T−1), ρw the water density (ML−3),
t the time (T), and z the vertical space coordinate (L).
The vertical ﬂow of liquid water, q , is expressed as
q = −ρw
[
D(θ)
∂θ
∂z
+ K(θ)
]
(2)
Unsaturated hydraulic conductivity K(θ) and water retention h(θ) functions were
estimated using the power-law equations from Campbell (1974)
K(θ) = Ks
(
θ
θs
)2b+3
(3)
h(θ) = hs
(
θ
θs
)−b
(4)
where b is the so-called pore size distribution index (–) and 2b + 3 the pore dis-
connectedness index (–). The parameters hs , θs and Ks are air entry potential (L),
saturated water content (L3 L−3), and saturated hydraulic conductivity (LT−1), re-
spectively. The soil water diffusivity D(θ) is expressed by
D(θ) = K(θ)∂h
∂θ
(5)
The potential effects of barometric pumping on the advective transport of non-
tritiated and tritiated water vapor were not considered (Auer et al. 1996). This simpli-
ﬁcation is justiﬁed because dispersion coefﬁcients associated with barometric pres-
sure ﬂuctuations are 104 times smaller than molecular diffusion of non-tritiated and
tritiated water vapor in air; therefore, diffusive transport should be more important
than advective vapor transport at the shallow depths considered (Parker 2003). On
the other hand, the relatively low temperatures considered in this study (i.e. less
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than 80°C) enable to express the total water vapor ﬂux as diffuse ﬂux only (Bear
and Gilman 1995). According to the previous paragraph, the equation for water va-
por movement contains two terms, i.e. the diffusion and evaporation-condensation
term
∂[(θs − θ)Wa]
∂t
= ∂
∂z
[
Dwaτa(θ)
∂Wa
∂z
]
+ Ee
ρa
(6)
where Dwa is the water vapor diffusion coefﬁcient in air (L2 T−1), ρa the density of
soil air (ML−3) as function of temperature, and τa(θ) the tortuosity for soil air at
θ (–); analogous to Jackson et al. (1974), the model uses τa(θ) = (θs − θ)/1.5.
The evaporation-condensation of water in soil is expressed as
Ee = ρa
re(θ)
[
Wsat(Ts) − Wa
]
when Wsat(Ts) > Wa (7)
This expression is based on the concept that the driving force for soil evaporation-
condensation is the difference between the speciﬁc humidity of the evaporating site
(surface of soil water, Wsat) and that of the pore air, Wa . Evaporation is regulated
by the density of soil air, ρa , and the evaporation resistance re (T−1). The latter pa-
rameter has been experimentally determined as function of θ for different soil types
(Kondo and Saigusa 1994; Kondo and Xu 1997). It is assumed that water conden-
sation occurs in a very short time, allowing Wa to become lower than or equal to
Wsat at a given soil temperature (Ts ). Whether the equilibrium condition between
liquid and vapor phase is fulﬁlled, it is assessed from the characteristic times of va-
por diffusion and liquid advection using a relationship described by Milly (1982).
The thermally driven transport in the vapor phase is implicitly included in the model,
since the gradient of the state variable Wa can be expanded in terms of water content
and temperature according to Philip and de Vries (1957).
The boundary condition at the soil surface (1) is determined by the continuity of
liquid water ﬂux at ground surface (subscript X0)
q0 = qs0 = −ρwKs θ0 ≥ θs0−(P + I ) + Er θ0 < θs0 (8)
where Er is the amount of runoff (ML−2 T−1), P the precipitation (ML−2 T−1),
I the irrigation (ML−2 T−1), and qs0 the maximum inﬁltration ﬂux when the soil
is saturated (ML−2 T−1). When soil water content equals or exceeds θs0, the model
assumes water storage at the ground surface for any additional water added to the
soil, therefore Er = 0.
The lower boundary condition corresponds to free drainage or constant head for
deep or shallow water table, respectively. Hourly values of the areally averaged ap-
plied water intensity (P + I ) are used as input data. The boundary condition for the
speciﬁc humidity, Wa , (6), can be determined according to
−ρaDwaτa(θ)∂Wa
∂z
∣∣∣
z=0
+ Ee0 = E0 (9)
where
Ee0 =
0
−δz0
Ee dz (10)
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and
E0 = ρacE |ur |(Wa0 − Wr)f (t) (11)
This boundary condition assumes that water vapor ﬂux from the ground surface to
the atmosphere is composed of the sum of diffused water vapor ﬂux from the inside
of the uppermost soil proﬁle and direct evaporation from the surface (δz0 thick) in
contact with the atmosphere. The parameter cE is the bulk transfer coefﬁcient (–),
a thermodynamic coefﬁcient dependent on wind velocity ur (LT−1) among other
meteorological variables (Matsushima and Kondo 1995), which permits to estimate
the evaporation efﬁciency from a bare soil. Wr is the speciﬁc humidity of atmospheric
air at the reference height (MM−1).
To represent the ground cover in the model, a sigmoid curve f (t) has been im-
plemented. For perennial vegetation, a constant value between 1 and 0, representing
the surface fraction exposed, is considered. In cultivated areas, natural crop growth
typically follows an S-shaped pattern. When a crop is ﬁrst planted, ground cover is
non-existent, potential evaporation is maximal, and thus f (t) = 1. On the contrary,
when the crop reaches the mid-season growth stage, ground cover is complete, evap-
oration is effectively zero, and thereafter f (t) = 0. All that remains is specifying the
transition from f (t) = 1 at planting to f (t) = 0 at the beginning of the mid-season
growth stage.
2.2 Tritium Transport: Liquid Flow (HTOl) and Vapor (HTOg)
The transport equations for tritiated liquid water (HTOl) and vapor (HTOg) phase are
∂[θCw]
∂t
= − 1
ρw
∂[qCw]
∂z
+ ∂
∂z
[
DT
∂Cw
∂z
]
− (ee + et ) (12)
∂[(θs − θ)Ca]
∂t
= ∂
∂z
[
DTaτa(θ)
∂Ca
∂z
]
+ ee (13)
where Cw and Ca are HTOl and HTOg concentration (ML−3), respectively. et is the
plant transpiration of HTOl from the soil (ML−3 T−1), calculated as the product of
root water uptake and Cw at each depth. The evaporation-condensation term inside
the soil, ee (ML−3 T), provides the link between (12) and (13)
ee = ρa
re(θ)
[
Wsat(Ts)Cw
ρw
− Ca
ρa
]
(14)
As mentioned above for non-tritiated liquid water and vapor, this term is controlled
by the evaporation resistance (re), and the thermally driven transport of tritiated water
vapor is implicitly included.
The gas phase (13), as for non-tritiated water vapor, only includes a diffusion
term, being DTa , the molecular HTOg diffusion coefﬁcient in air (L2 T−1), multiplied
by the tortuosity. In the case of the liquid phase (12), it includes the advection and
hydrodynamic dispersion DT (L2 T−1), this last one is deﬁned as the sum of effective
diffusion Dp (L2 T−1) and mechanical dispersion Dd (L2 T−1)
DT = Dp + Dd = τw(θ)DTw + λq
ρw
(15)
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Dp is a function of the molecular diffusion coefﬁcient of tritiated liquid water in
free solution, DTw (L2 T−1), and the tortuosity of the medium as a function of water
content τw , Dp = τw(θ)DTw . On the other hand, Dd is equal to the product of the
seepage velocity vs (LT−1), vs = q/θ , and dispersivity λ (L), Dd = θvsλ.
The upper boundary condition for tritiated liquid water, (12), is speciﬁed by an
additional term only for the top layer (ground surface) expressing a gain of tritium
due to water input. Mass dilution due to water input is indirectly accounted by the
increase of θ on the left-hand side of the (12). Evaporation of HTOl from ground
surface to the atmosphere is expressed in a similar manner as that of non-tritiated
liquid water
−DTaτa(θ)∂Ca
∂z
∣∣∣
z=0
+ ee0 = e0 (16)
where
ee0 =
0
−δz0
ee dz (17)
and
e0 = cE |ur |(Ca0 − Cr)f (t) (18)
Cr is HTOg concentration in atmospheric air at reference height (ML−3).
2.3 Soil Temperature Proﬁle
The thermal conductivity of soil is obtained according to McCumber and Pielke
(1981), where the relationship between soil water potential, h, and soil thermal
conductivity is nearly independent of soil type. This relation comes from ﬁtting
Al Nakshabandi and Kohnke’s (1965) data.
To obtain the soil temperature proﬁle, Ts (◦K), a classical heat transport equation is
solved including conduction, latent heat exchange (sink/source of heat) for soil water
evaporation–condensation, and advection (convection) heat transport due to liquid
water movement. The heat conduction through plant root was assumed negligible.
The upper boundary condition for soil temperature is deﬁned by a ground surface heat
budget equation, whereas for the lower boundary condition, constant temperature is
assumed.
2.4 Root Water Uptake and Root Growth
For the vegetation sub-model, SOLVEG has been modiﬁed in order to include ground
cover, root growth and root water uptake processes. For ground cover, a sigmoid
curve f (t) has been used (Sect. 2.1). Proposed root water uptake and root growth
model are described below. This new vegetation sub-model, in agreement with the
process models available in the agronomic literature (Overman and Scholtz 2002;
Campbell and Norman 1998), allows one to reduce the number of input parameters
and data with respect to other models that have appeared in the literature (Nagai
2002).
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Fig. 2 Schematic of the plant
water stress response function,
α(θ), modiﬁed from Feddes
et al. (1978)
Root water uptake is considered a sink term of non-tritiated and tritiated
water. A reference evapotranspiration ET0 (ML−2 T−1) is obtained by the Pen-
man–Monteith method (using hourly data). The potential evapotranspiration ETp
(ML−2 T−1) was calculated using a crop speciﬁc coefﬁcient Kc (–), ETp = Kc ·ET0,
which characterizes plant water uptake and evaporation relative to the reference veg-
etation (Allen et al. 1998). Kc can be considered constant for perennial vegetation,
whereas in cultivated areas it changes in terms of growth stages. Once the potential
transpiration, Tp (ML−2 T−1)—deﬁned as water removed from soil due to plant wa-
ter uptake—is obtained, for example using the approach of Kroes and Van Damm
(2003), Pachepsky et al. (2004) or Jiménez-Martínez et al. (2009), it is then equally
distributed over the soil root zone, zroot (L). This sink term was computed in the
present paper by a method introduced by Campbell and Norman (1998) based on soil
water content. Actual transpiration, Et , is calculated according to
Et(θ) = α(θ) Tp
zroot
(19)
where α(θ) is the dimensionless water stress response function (0 ≤ α ≤ 1) describ-
ing water uptake reduction due to drought stress. For α(θ), a modiﬁed functional form
introduced by Feddes et al. (1978) is applied (Fig. 2), where θ3 and θ4 are threshold
parameters such that uptake is at the potential rate when the water content is between
θ3 and θs , it drops off when θ < θ3, and becomes zero for θ < θ4 or θ = θs .
While for perennial vegetation a constant root depth can be considered, a root
growth model is required for crops. The model developed here assumes the classical
Verhulst–Pearl logistic growth function (Šimunek et al. 2005), and the maximum
depth is achieved at the end of the crop development stage.
3 Field Test for Model Validation
3.1 Experimental Setup
In order to evaluate the model performance, a ﬁeld test was conducted in the Campo
de Cartagena (SE Spain). The experiment took place from 17 June 2007 to 21 August
2008, along 429 days.
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Table 1 Summary table of soil physical properties (mean ± standard deviation). ρs : soil bulk density;
θs : saturated water content
Depth
(cm)
Textural fractions (%) ρs (kgm−3) θs (m3 m−3)
Sand Silt Clay
15 18.71 ± 2.26 75.95 ± 2.81 3.52 ± 1.57 1.45 ± 0.10 0.411 ± 0.029
45 13.80 ± 1.34 80.21 ± 2.05 5.98 ± 0.70 1.52 ± 0.11 0.378 ± 0.024
75 19.45 ± 2.79 77.16 ± 0.82 3.29 ± 2.11 1.58 ± 0.05 0.378 ± 0.015
150 10.82 ± 2.67 82.02 ± 1.20 6.57 ± 1.04 1.70 ± 0.08 0.320 ± 0.049
Table 2 Summary of soil hydraulic properties, ﬂow and transport parameters. Threshold values for root
water uptake reduction parameters (θ3 is shown for two different crops)
Property Value Unit
Soil hydraulic properties
Saturated water content θs 0.372 m3 m−3
Air entry potential hs −0.759ab m
Saturated hydraulic conductivity Ks 0.208 × 10−5 m s−1
Pore size distribution index b 5.33c –
Flow and transport (liquid and gas phase)
Water density ρw 1000 kgm−3
Water vapor diffusion coeff. in air Dwa 2.60 × 10−5d m2 s−1
Molecular HTOg diffusion coeff. in air DT a 2.47 × 10−5e m2 s−1
Molecular HTOl diffusion coeff. in water DTw 2.24 × 10−9f m2 s−1
Dispersivity of HTOl λ 0.01 m
Vegetation
Threshold for root water uptake reduction θ3 0.259–0.270g m3 m−3
Wilting point θ4 0.154g m3 m−3
aClapp and Hornberger (1978); bCosby et al. (1984); cCampbell and Shiozawa (1992); dCussler (1997);
eMayers et al. (2005); fMills (1973); gWesseling et al. (1991) and Taylor and Ashcroft (1972)
An experimental plot measuring 7 × 2 m was established on a cropped soil. Bulk
density according to Grossman and Reinsch (2002), grain size distribution following
Gee and Or (2002), and θs were analyzed at different depths up to 2 m depth (Table 1).
Additional soil hydraulic properties and ﬂow and transport parameters were taken
from the literature (Table 2). The soil is a silty loam (USDA classiﬁcation system),
and the groundwater level was located at a depth of 14 m below the surface. The plot
was managed according to common agricultural practices of the region, including
crop rotation (lettuce and melon, Table 3), drip irrigation, and the application of a
plastic cover during summer cropping to reduce direct evaporation from the ground
surface. In order to avoid boundary effects, the plot sides were also cultivated with
the same crops and equal agricultural management conditions were applied.
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Table 3 Chronogram for the different crops and fallow periods. P : precipitation; I : irrigation
Description Plant date Harvest date Length
(days)
P
(mm)
I
(mm)
Melon crop May 17, 2007 September 10, 2007 116 32 557
Fallow period – – 15 10 –
Lettuce crop September 25, 2007 December 24, 2007 90 187 206
Fallow period – – 10 19 –
Lettuce crop January 3, 2008 April 2, 2008 90 42 123
Melon crop April 3, 2008 August 21, 2008 140 80 617
3.2 Tritium Input and Monitoring System
On 17 June 2007 (DAI 0, understanding DAI as day after injection), 12 L of tritiated
water solution, with a concentration 7.3 × 108 Bqm−3, was sprinkled (simulating
rainfall) over the plot. The tritiated solution was prepared in the ﬁeld site previously
to the application. The soil proﬁle monitoring for tritium transport was carried out
by destructive sampling to obtain soil cores through a hand drilling auger; sampling
depth increased as function of the time. Soil samples from cores were taken at regular
depth intervals (being representative for a depth interval of 10 cm) (Fig. 3). In order
to prevent the contamination from overlying layers, soil samples were taken from the
inner part of the core, and immediately stored in leak proof bottles and transported
in iceboxes to avoid tritium loss by evaporation. The data collection was divided into
two periods: the ﬁrst one, from 17 June to 10 September 2007 (DAI 0-83), shorter
and intensive, for model calibration; the purpose of the second one was to evaluate
the model performance, and included data from 11 September 2007 to 21 August
2008 (DAI 84-429). Hourly meteorological data were available from a weather sta-
tion (SIAM 2008) located 235 m from the experimental plot. Measurements of back-
ground tritium concentration in precipitation were obtained from a station located
15 km NE from the ﬁeld site, which is included in the Global Network Isotopes in
Precipitation (GNIP/IAEA 2009).
To obtain enough centrifuged volume for tritium analysis, de-ionized water was
added to the soil samples, which were subsequently tumbled to equilibrate the added
water with the original pore water (Roy et al. 1991). Supernatant water was distil-
lated to eliminate coloration, organic matter, and salts that could interfere with the
analysis. The distilled samples were then mixed with a scintillation solution (Ultima
Gold LLT) (Thatcher et al. 1977). Finally, the samples were analyzed at the CEDEX-
Isotopic Techniques Laboratory (Spanish Government) using a liquid scintillation
alpha-beta spectrometer (Tri-Carb 2560 TR/XL, Packard Instruments), which enables
the measurement of low-level radioactivity (90 ± 40 Bqm−3).
10
Fig. 3 Soil sampling locations
along the soil proﬁle
4 Results and Discussion
4.1 Model Calibration and Prediction
For the ﬁrst sampling period (DAI 0-83), corresponding to the most intensive data
collection and used for model calibration, a poor agreement of ﬁeld data and sim-
ulations was attained with the initial input parameters (Table 2). Then, a man-
ual calibration process was carried out, where several parameterizations were con-
sidered by varying the number and types of parameter to ﬁt (θs, hs,Ks, b,λ),
whereas the rest of the parameters included in Table 2 and obtained from literature
(ρw;Dwa;DTa;DTw; θ3; θ4) were assumed ﬁxed. Based on the mean relative error
(MRE) as objective function, the best parameterization was achieved following the
parsimony principle (as few ﬁtted parameters as possible, Burhmam and Anderson
2002). The most inﬂuential parameters were found to be saturated hydraulic conduc-
tivity Ks , and dispersivity λ (Table 4).
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Table 4 Fitted parameters values
Parameter Initial value Fitted value
Saturated hydraulic conductivity, Ks (m s−1) 0.208 × 10−5 0.868 × 10−5
Dispersivity coefﬁcient, λ (m) 0.01 0.10
Fig. 4 Comparison between ﬁeld data (points) and simulations (solid lines) for calibrated period
(DAI 0-83). HTOl background concentration (dotted line). Soil core according to Fig. 3 is indicated in
box. hai: hours after injection
In Fig. 4 measured and simulated HTOl concentration (Cw) proﬁles, for the cali-
brated period (DAI 0-83) are shown. A strong decrease of three orders of magnitude
in HTOl soil concentration can be recognized for this period. A good ﬁt is obtained
between simulated HTOl concentration proﬁles and ﬁeld data, despite the measure-
ments being relatively sparse and the maximum concentration decreasing strongly.
Subsequently, the second sampling period (DAI 84-429) was used to assess model
performance (Fig. 5). The goodness-of-ﬁt for calibrated and predicted period was
evaluated through several statistics (Table 5).
The presence of HTOl at greater depths than those obtained by simulation (Figs. 4
and 5) can be explained by preferential ﬂow generation through roots and cracks
within the ﬁrst centimeters of the soil proﬁle (tilled soil) at the beginning of the
experiment (after tritiated water application).
4.2 Water and Tritium. Flux and Mass Balance
In Fig. 6, liquid water and vapor ﬂuxes (tritiated and non-tritiated) after a water pulse
of 8.4 mm (Lm−2) applied in 50 minutes, which took place 11 July 2007 at 12 a.m.
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Fig. 5 Comparison between ﬁeld data (points) and simulations (solid lines) for predicted period
(DAI 84-429). HTOl background concentration (dotted line). Soil core according to Fig. 3 is indicated
in box. hai: hours after injection
Table 5 Goodness-of-ﬁt for calibration and validation period (all ﬁeld measurements were weighted
equally)
Simulation n RMSEa
(Bqm−3)
MAEb
(Bqm−3)
MREc
Calibration (DAI 0-83) 21 Input parameters 853497.9 329968.6 0.620
Model ﬁt 785158.1 326002.7 0.580
Validation (DAI 84-429) 28 17817.2 11370 0.681
aRoot mean square error, RMSE =
√
1
n
n
i=1(xi − yi )2
bMean absolute error, MAE = 1n
∑n
i=1 |xi − yi |
cMean relative error, MRE =
1
n
∑n
i=1 |xi−yi |
1
n
n
i=1 |yi |
(DAI 22), have been plotted. In the numerical simulations of liquid water and vapor
ﬂuxes, for both tritiated and non-tritiated, the sign convention was negative ﬂuxes-
upward and positive ﬂuxes-downward. The results show that the soil depth most af-
fected by temperature, evaporation and root water uptake, corresponds to the upper
30 cm.
For the plotted period, Fig. 6(a) shows a large downward liquid water ﬂux (qw)
in the top 30 cm during the ﬁrst day (DAI 22), when the water pulse was applied,
whereas for the rest of days qw was upward by capillarity due to evaporation. The
13
Fig. 6 (a) Computed liquid water (qw ) and vapor (qv ) ﬂux expressed as water column (volumetric
ﬂux, 1 mmd−1 = 1 kgm−2 d−1), and computed tritium liquid (qT w) and vapor (qT v) ﬂux (mass ﬂux,
Bqm−2 d−1) for a water pulse along 8 days (from 11 to 19 July 2007, DAI 22-30). (b) Net ﬂuxes (q)
calculated for the mentioned period
depth reached by the roots until that moment is clearly recognized (40 cm). An up-
ward vapor ﬂux (qv) up to a certain depth and a daily increasing trend is observed
due to the drying process on the top soil. Below this evaporation front, until 110 cm
depth, a downward qv (Scanlon 1992; Gran et al. 2011) with lower magnitude than
upward ﬂux was produced. A similar trend was found for tritium liquid (qTw) and
vapor (qT v) mass ﬂuxes. A downward qTw up at 25–30 cm depth and upward be-
tween 30 and 90 cm depth are observed. On the contrary, qT v presents an opposite
behavior, and it is remarkable the large upward qT v between 4 and 0 cm depth. Total
or net ﬂuxes (q) for the mentioned period (DAI 22-30) are shown in Fig. 6(b). Net
vapor ﬂux (qv) was one order of magnitude lower than net liquid water ﬂux (qw).
A greater net tritium liquid ﬂux (qTw) than vapor (qT v) can be recognized, although
the interface between downward and upward mass ﬂux, and the plane of zero mass
ﬂux, occurs at the same depth for both phases, at 27 and 100 cm depth, respectively.
Figure 7 illustrates daily tritium ﬂuxes associated with evaporation and transpi-
ration for the calibrated period (DAI 0-83). For the ﬁrst eleven days following the
tritiated water application, evaporation was the main process removing tritium from
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Fig. 7 Tritium ﬂux, evaporation and transpiration component, to the atmosphere from 14 m2 study area
the soil; after this moment, transpiration becomes the main sink of tritium. The triti-
ated water penetration and the increasing root depth, in the case of crops, determine
the plants as the main sink and contributor to natural attenuation.
In order to establish an accurate soil water balance, water inputs (precipitation
plus irrigation), losses by transpiration, evaporation and drainage, and changes in soil
water storage were considered as main components. Figure 8(a) shows cumulative
computed values for the mentioned water balance components. As the main objec-
tive of this work was to establish an accurate tritium mass balance, the cumulative
tritium activity of each water balance component for liquid and vapor phase were
considered: activity in liquid and vapor phase; evaporated and transpired tritium; and
radioactive decay (Fig. 8(b)). The loss of tritium activity in soil after 83 days (1992
hours) was 95%, at the end of the ﬁeld test, the background HTOl concentration in
soil (∼950 Bqm−3) was practically recovered. The tritium mass (activity) balance
error, from simulations and for the total simulated period, was 0.5%.
4.3 Tritium Transport Processes
The HTOl transport includes the advection and hydrodynamic dispersion (DT ) terms
(1 1). DT is deﬁned as the sum of effective diffusion (Dp) and mechanical dispersion
(Dd ) (Sect. 2.2). While advection controls the transport of HTOl in all soil proﬁle,
mechanical dispersion decreases with depth and effective diffusion is more or less
constant along the proﬁle (Fig. 9). According to Maraqa et al. (1997), the impact of
effective diffusion on hydrodynamic dispersion, under unsaturated conditions, is not
signiﬁcant.
Transport of HTOg only includes the diffusion term, also called effective diffu-
sion (13). A diurnal variation in HTOg concentration (Ca) directly related to meteoro-
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Fig. 8 (a) Cumulative volume expressed as water column (mm) for each water balance component
(Ee : evaporation; Et : transpiration; R: deep drainage; P + I : precipitation plus irrigation; 	Storage:
soil water storage). (b) Tritium activity included in each water balance component and phase, it involves:
tritium activity in liquid and gas phase, evaporated and transpired tritium, and radioactive decay
logical parameters, along with a trend to decrease with depth, is found (Fig. 10). Soil
heat storage at day time favors HTOl evaporation to HTOg in the soil media. Subse-
quently, at sunset, condensation begins (14). In the top soil, the decline of HTOg con-
centration during night time is reinforced by night re-emission, a phenomenon clearly
observed during the previous simulation exercise at the injection date (Fig. 11). After
a large volume application of water (precipitation or irrigation), the increasing HTOg
concentration at higher depth is due not only by the downward ﬂux of HTOl , but also
by downward molecular HTOg diffusion (13) (Fig. 10).
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Fig. 9 Mean value along the
soil proﬁle for effective
diffusion (Dp) and mechanical
dispersion (Dd)
Fig. 10 Simulated HTOg concentration in soil air at different depths for calibrated period (DAI 0-83).
hai: hours after injection
5 Conclusion
Results from the presented analysis show that tritium ﬂux from soil to atmosphere
following a tracer application was one order of magnitude lower in vapor—owing
to a HTOg concentration gradient—than in liquid phase—owing to the evaporation
process—for the simulated period. Field data and simulations indicate that tritium
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Fig. 11 Water (E0) and tritium (e0) evaporation from ground surface before and after tritium injection
movement primarily occurs in the liquid phase, while during drying conditions tri-
tium movement mainly takes place as vapor phase. The difference between tritium
liquid and vapor mass ﬂuxes occurs mainly in the top soil, whereas for tritium-free
water and vapor the difference is over the entire soil thickness. Advection and me-
chanical dispersion controlled the transport of tritium in liquid phase; molecular dif-
fusion (effective diffusion) was the main transport process in vapor phase.
Variations of tritium gas concentration in soil are directly related to diurnal varia-
tion of meteorological parameters. The decline of concentration in the top soil during
night time is reinforced by night re-emission. The sink terms of tritium as evapora-
tion, transpiration, deep drainage and radioactive decay account for 61.51%, 34.65%,
3.13% and 0.29% tritium losses, respectively. According to modeling, tritium mass
balance error was 0.5%. Evaporation and transpiration contribute meaningfully to the
soil natural attenuation process at short and long term, respectively; and limited the
penetration of tritiated water to a depth of no more than 2 m. After 83 days, tritium
activity decreased in soil by 95%, and tritium background concentration is recovered
after 429 days.
The presented model constitutes a powerful tool to evaluate tritium behavior,
a common radionuclide in the surroundings areas of nuclear power stations and ra-
dioactive waste disposal facilities, in soil and vadose zone as well as to predict the
soil and groundwater natural attenuation. The model can be used for transport sim-
ulation of similar isotopes considering the partitioning of isotopic species between
aqueous and gaseous phase.
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Appendix: Nomenclature
()0 values at the ground surface
α dimensionless water stress response function (–)
b pore size distribution index (–)
cE bulk transfer coefﬁcient for evaporation (–)
Cr HTOg concentration at reference height, Bqm−3 air
Ca HTOg concentration of soil air, Bqm−3 air
Cw HTOl concentration of soil water, Bqm−3 water
D soil water diffusivity function, m2 s−1
DT hydrodynamic dispersion, m2 s−1
DTa molecular HTOg diffusion coefﬁcient in air, m2 s−1
DTw molecular HTOl diffusion coefﬁcient in water, m2 s−1
Dwa water vapor diffusion coefﬁcient in air, m2 s−1
ee evaporation–condensation of HTOl in soil, kgm−3 s−1
et transpiration of HTOl in soil, kgm−3 s−1
Ee evaporation–condensation of water in soil, kgm−3 s−1
Er amount of runoff, kgm−2 s−1
Et actual transpiration due to root water uptake, kgm−3 s−1
ETp potential evapotranspiration, kgm−2 s−1
ET0 reference evapotranspiration, kgm−2 s−1
f ground cover sigmoid function (–)
τa tortuosity for soil air (–)
τw tortuosity for soil water (–)
h pressure head, m
hs air entry potential, m
I irrigation, kgm−2 s−1
K unsaturated hydraulic conductivity of soil, m s−1
Kc crop-speciﬁc coefﬁcient (–)
Ks saturated hydraulic conductivity of soil, m s−1
λ dispersivity, m
P precipitation, kgm−2 s−1
q vertical liquid water ﬂux, kgm−2 s−1
qs maximum inﬁltration ﬂux, kgm−2 s−1
re resistance of evaporation in soil as function of water content, s−1
ρa density of moist air as function of temperature, kgm−3
ρs bulk density of soil, kgm−3
ρw density of liquid water, kgm−3
t time, s
Tp potential transpiration, kgm−2 s−1
Ts soil temperature, ◦K
θ volumetric soil water content, m3 m−3
θs saturated volumetric soil water content, m3 m−3
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ur wind speed at reference height, m s−1
v seepage velocity, m s−1
Wr speciﬁc humidity of air at reference height, kg kg−1
Wa speciﬁc humidity of soil air, kg kg−1
Wsat speciﬁc humidity of soil air at saturation, kg kg−1
z vertical space coordinate, m
zroot root depth, m
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